Abstract MauG is a unique c-type diheme oxygenase. One heme of MauG is five-coordinate and solvent accessible with His53 as axial ligand, while the other heme of MauG is six-coordinate with His205 and Tyr294. MauG catalyzes posttranslational modification including oxygen insertion, cross-linkage of two tryptophan and oxidation of quinol to quinone of precursor methylamine dehydrogenase (preMADH) to form mature tryptophan tryptophylquinone (TTQ) which is one of protein-derived cofactors. Longrange remote catalysis of substrate is possible without direct contact between hemes of MauG and its substrate, preMADH. Although catalytic properties and mechanisms of MauG have been well studied, temperature dependence of MauG has never been reported yet. Therefore, the objective of this study was to perform thermodynamic analysis of MauG. DH°of 87.6 ± 6.7 kJ mol -1 and DS°of 232 ± 15.6 J mol -1 K -1 were directly measured for oxidized MauG in this study. Those results provide fundamental information on controlling electron transfer rates for biosynthesis of TTQ in MADH and are used as a good thermodynamic example study for other diheme systems.
Introduction
MauG is a 42.3 kDa unusual c-type diheme protein required for biosynthesis of posttranslationally modified protein-derived cofactor, tryptophan tryptophylquinone (TTQ) of methylamine dehydrogenase (MADH) [1] ( Fig. 1) . With the molecular weight of 123 kDa, MADH catalyzes the oxidative deamination of methylamine to formaldehyde and ammonia with two electrons using TTQ as its cofactor. Two electrons transfer to a type 1 copper protein amicyanin for respiratory chain reaction in P. denitrificans [2] . MauG is a very unique oxygenase because it uses threefold bigger protein as a natural substrate by remote catalysis. MauG contains two hemes having proximal axial His ligands from CXXCH c-type heme-binding motif [3] . Cysteine residues in this motif can form thioether bonds that covalently attach heme to target protein.
The solvent accessible open heme of MauG is fivecoordinate with His53 as axial ligand ( Fig. 2A) . The other heme is six-coordinate with His205 and Tyr294 which are the first example for a c-type heme [3] (Fig. 2B) . A conserved Trp93 resides between the two hemes. Ca 2? -binding site in MauG is also located between these two hemes, and close to Trp93 (Fig. 2C) .
High-valent iron species in both non-heme and heme proteins are powerful oxidizing species in chemical and biological catalyses. It is generally believed that O 2 -dependent mechanism and H 2 O 2 -dependent oxygenation mechanism each proceeds via a ferric hydroperoxy intermediate [4, 5] , which may then lose water to yield high-valent Fe IV =O species with a p-porphyrin ring/axial ligand or amino acid radical (known as compound I). Another alternative is compound ES, in which Fe IV =O heme is coupled to an amino acid-based cation radical which is in close proximity to heme. The catalytic high-valent form of MauG is not a compound I or compound ES. Instead, MauG utilizes a bis-Fe IV intermediate with one heme as Fe IV =O and the other as Fe IV with two axial ligands proved by electron paramagnetic resonance (EPR) and Mössbauer spectroscopy [6] . When recombinant MauG protein is homologously isolated [7] and incubated with preMADH containing premature TTQ in the presence of H 2 O 2 or O 2 plus electron donor [8] , completion of TTQ biosynthesis and formation of active MADH were observed. This reaction was proceeded via bis-Fe IV intermediates of MauG. Then, high-valent state of MauG returned to its original state by extracting electrons from preMADH through long-range movement over 21 Å distance.
MauG functions as a diheme oxygenase. MauG shares 30% sequence similarities with bacterial diheme cytochrome c peroxidases (BCCPs) [7, 9] . However, properties of MauG differ from those of BCCPs. BCCPs belong to a family of peroxidase and contain two c-type hemes. One is a high-potential heme ligated with histidine and methionine functioning as an electron transfer mediator. The other is low-potential heme ligated with two histidines playing a role in the peroxidatic reaction. Reduction in the high-potential heme by accepting electrons from small redox proteins such as monoheme cytochromes and cupredoxins will result in the conversion from low-potential heme to five-coordinated high-spin heme to bind with its substrate, H 2 O 2 in Ca 2? -dependent manner [9] . MauG contains one Fig. 1 TTQ biosynthesis by MauG. MauG catalyzes the conversion of monohydroxylated bTrp57 and bTrp108 of preTTQ to TTQ in preMADH via three two-electron oxidation steps [19] . Posttranslational modifications are marked in red c-type high-spin (five-coordinate heme) and one c-type low-spin heme (six-coordinate heme) confirmed by the electron EPR spectra that are atypical for other c-type hemes [7] . The high-spin heme signal is very similar to that of heme oxygenase and myoglobin. The low-spin heme signal is more similar to that of ligand complexes of cytochrome P450. In contrast to typical c-type cytochromes, fully reduced MauG can bind CO and reoxidize in air. MauG exhibits only weak peroxidase activity with a variety of electron donors [7] . Comparison of different ctype cytochromes has shown that heme redox potential covers a range over 1 V, from ? 640 mV in cytochrome c 552 to -400 mV in cytochrome c 3 [10] . In BCCPs, the midpoint redox potentials are well separated by more than 600 mV [9] which allows for a stable mixed-valence state. However, the two c-type hemes of MauG are able to act in concert as a two-electron redox cofactor rather than two independent hemes [11] . They exhibit redox cooperative behavior during conversion between diferric and diferrous redox states. MauG exhibits two distinct E m values of -159 mV and -244 mV, yet the two hemes are reduced and oxidized simultaneously [11] . These E m values correspond to addition of the first and the second electron to the diheme system.
Catalytic and physiochemical properties of MauG have been well studied so far. However, thermodynamic property of MauG has not been reported yet. Therefore, the objective of this study was to perform thermodynamic analysis of MauG. The effect of temperature on rate of heme change of MauG was determined in this study by measuring thermodynamic parameters (DH°and DS°) and their reactivities toward H 2 O 2 .
Materials and methods
Recombinant MauG [7] was purified from Paracoccus denitrificans as described previously. Protein concentration was calculated based on known extinction coefficients (De 406 = 309,000 M -1 cm -1 ). After that 5 lM of MauG with 50 mM of potassium phosphate buffer (pH 7.5) was mixed and incubated in a cuvette at various temperatures including 25, 30, 35, 40, 45, 50, 55 and 60°C. Absorbance changes in MauG at certain temperature were recorded every 10 s for 30 min using a ultraviolet-visible spectrophotometer (Shimadzu-2600) equipped with a temperature controller. Observed rates were best fit to a single exponential. Rate was considered as an equilibrium rate constant representing equilibrium between native and changed states of MauG since k observed equals K eq 9 k x (other rates like electron transfer in overall adiabatic reactions) and k x is close to zero or negligible. Data were analyzed by Eq. (1) for thermodynamic studies.
Absorbance measurements of MauG were made with an HP diode array 8452 spectrophotometer equipped with a programmable Peltier cell holder controlled by a Quantum TC1 thermostat controller. Absorbance measurements at wavelength of 410 nm were recorded as the cell increased in temperature 1°C/min. Absorbance values were normalized with the maximum absorbance set at 1.0 and the minimum absorbance set to zero. After creating a first derivative curve from the raw data, the midpoint temperature of the optical transition (T m ) was calculated. The experiment was performed in 50 mM potassium phosphate buffer, pH 7.5 using 5 lM of MauG.
After incubating at each temperature, MauG was subjected to the same equivalent of H 2 O 2 . Reactivity of transformed MauG toward H 2 O 2 was monitored to check the formation of bis-Fe IV intermediates by an ultravioletvisible spectrophotometer. MauG samples were also aliquoted after incubation at 30, 40, 50 and 60°C. After adding H 2 O 2 , the sample was subjected to 12% SDS-PAGE.
Ca 2? -depleted MauG [13] was prepared by incubation of native MauG with either 10 mM EDTA disodium salt or EGTA as chelator in 10 mM potassium phosphate buffer, pH 7.5, for 15 h at 4°C. The chelator was removed, and the buffer was exchanged to 50 mM Tris-HCl, pH 7.5, by centrifugation.
Results and discussion
Effect of temperature on visible absorption spectrum of MauG When MauG was incubated at 20°C, there was no spontaneous spectral change. However, changes in absorbance spectrum of MauG were observed when MauG was incubated at temperature ranging from 20 to 60°C. Increased temperature resulted in a 4-5 nm of red shift for the spectrum of MauG. It also increased the maximum absorption of Soret peak with distinct shoulder changes around 360-380 nm (Fig. 3A) . These spectral changes were getting worse and faster at high temperatures. This feature might reflect coordination change in hemes of MauG. Resting state of MauG contains two diferric hemes: one c-type five-coordinate high-spin heme and the other ctype six-coordinate low-spin heme [7] . Addition of H 2 O 2 to MauG induced spectral changes exhibiting decrease intensity of the Soret region with decreasing absorption spectrum around 360-380 nm [12] . This indicates that Fe IV low-spin heme and Fe IV =O high-spin heme are formed and both hemes are fully occupied by ligands [6] . Similar coordination changes in hemes in MauG have also been observed in Ca 2? -depleted MauG [13] . Removal of Ca 2? from MauG alters its absorbance at the Soret and 370-nm region (Fig. 3B) , and resonance Raman spectra resulting in heme spin state and conformation changes in MauG. Cytochrome c peroxidase contains one heme adopting the five-coordinate structure [14] . By addition of H 2 O 2 , pH changes, or temperature changes on cytochrome c peroxidase and the coordination of heme is switched from five to six [14] [15] [16] . Similar absorbance changes for MauG incubated at high temperature were also observed in this study. Therefore, it could be concluded that temperature-dependent spectral changes in MauG corresponded to structural changes in hemes of MauG. Unfortunately, spectral changes in MauG induced by temperature did not decay back to original absorption spectrum of MauG when temperature was decreased to 20°C (data not shown). This indicated that heat-induced change in MauG was irreversible. Additionally, T m value of MauG was calculated. An increase in absorbance at 410 nm was attributed to disrupted status of MauG. An optical melt experiment was performed with MauG, and its midpoint temperature of optical transition (T m ) was calculated to be 33.84 ± 0.37°C. H 2 O 2 was added to MauG transformed at temperature ranging from 25 to 60°C to examine the formation of bisFe IV of MauG which is able to react with its natural substrate, preMADH. There was no evidence that transformed MauG was likely to stabilize or form bis-Fe IV of MauG because a slow and little decrease in the intensity of the Soret peak without shift was found in the absorption spectrum (Fig. 3C) . Those MauGs were also mixed with preMADH to check enzymatic activity of MauG. However, they failed to catalyze TTQ biosynthesis (data not shown). Aliquots of these transformed MauGs and their reactants with H 2 O 2 were assessed by SDS-PAGE (Fig. 3D) . Results of SDS-PAGE for MauG incubated at high temperatures revealed some degradation or changes in migration of the protein indicating that structurally damaged MauG caused by high temperature might lead to complete loss of its function.
Thermodynamic characterization of MauG
Transient thermodynamic experiments of MauG were performed by incubating MauG at varying temperatures from 25 to 60°C. The absorption spectrum at 370 or 410 nm was monitored to calculate the rate of spectral change corresponding to heat-induced change in hemes of (Fig. 4A) . Thermodynamic changes in MauG fitted very well to a single-exponential increase in each case. Over temperature ranging from 25 to 60°C, K eq varied from 0.0006 to 0.0197 s -1 (Table 1) . A fit of values of K eq regarding each temperature to Eq 1 yielded DH°of 87.6 ± 6.7 kJ mol -1 (enthalpy changes) and DS°of 232.1 ± 15.6 J mol -1 K -1 (entropy changes) (Fig. 4B) . Relatively high and positive value of DH°compared to one of c-type heme proteins, cytochrome c with DH°of 47.1 ± 4.5 kJ mol -1 [17, 18] indicated that thermodynamic changes in MauG were induced endothermically. The reaction is still favorable since the positive enthalpy change compensates the positive entropy change. That is because changes in hemes of MauG are much more feasible at higher temperatures. The value of DS°observed in this study was also more positive than other c-type heme proteins consistent with reorientation or solvation changes around hemes of MauG. That is, the thermodynamic driving force might have induced perturbation such as formation of exogonal ligands to the five-coordinate highspin heme in MauG during temperature changes.
Temperature dependence of oxidized MauG has never been measured to determine DH°and DS°. Results of this study provide fundamental information on how thermodynamic parameters can affect electron transfer rates for biosynthesis of TTQ of MADH in advance. A significant problem in applying nonadiabatic electron transfer theory to long-range electron transfer reactions for TTQ biosynthesis of MADH that occur between and in proteins is that it is difficult to judge whether the measured rate of the redox reaction is a true electron transfer rate constant. The rate of an electron transfer reaction varies predictably with DH°, DS°and DG°. Therefore, results of this study might be used to interpret electron transfer rate of long-range remote catalysis of MauG-dependent TTQ biosynthesis. Furthermore, this study can be used as a good example to study thermodynamics of other diheme proteins. 
